Abstract: Full characterization of nanostructured organosilicon luminophores NOL4 and NOL5 based on the donor 2,2'-bithiophene and acceptor 1,4-bis(2,2 ′ -bithiophene-5-yl)benzene units in dilute solutions and thin films by UV-Vis spectroscopy, DSC, TGA and X-ray techniques was reported. It was found that usage of these molecules as dopants (10-20 wt%) to the electroactive polyfluorene host in organic light-emitting devices (OLEDs) leads to the efficient spectral long wavelength shifting of the electroluminescence and an increase of the OLED performance as compared to the devices based on pristine polyfluorene, NOL4 and NOL5.
Introduction
Light-harvesting dendrimers have been synthesized and studied as an alternative to biological light-harvesting complexes [1] [2] [3] [4] . They are one of the perspective families of macromolecules for the application in organic electronics and photonics [5, 6] . The energy transfer process from peripheral donor groups to a central acceptor luminophore (called also as a "molecular antenna effect"), in these dendritic molecules allows not only efficient absorption of the sunlight in the organic solar cells [7] but also tuning the light emission color in organic lightemitting devices (OLEDs) [8] . In addition, the "molecular antenna effect" was found to be a basis for highly sensitive and selective sensors [9, 10] . Besides the practical applications, the photophysical studies of light-harvesting dendritic molecules are also important from a fundamental point of view [11] [12] [13] .
Among π-conjugated materials, the thiophenecontaining molecules of star-like and dendritic architecture have been proven to be important multifunctional materials [14, 15] and have been utilized in OLEDs [16] , organic field-effect transistors (OFETs) [17, 18] as well as in photovoltaic (PV) applications [18, 19] . Introduction of a silicon atom to oligothiophene backbone is a wellknown tool to convert oligomers with a linear molecular architecture into more complex 2D and 3D materials and thus to reduce anisotropy of the electrooptical properties and increase their solubility and photovoltaic performance [20, 21] . There has been a considerable interest to the synthesis and investigation of branched, starshaped and dendritic silicon-containing oligothiophenes since a discovery of the phenomenon of increased luminescence efficiency as compared to their linear analogs [22] [23] [24] [25] . Moreover, organosilicon derivatives of various luminophores attract much attention of researchers due to their interesting optical properties [26] [27] [28] . The absence of π-conjugation through silicon atom between the adjacent luminophores in this type of molecules allows re-alizing the efficient intramolecular inductive-resonance transfer of the electronic excitation energy from the outer luminophores (donors) with a wider band gap to the inner luminophore (acceptor) with a lower band gap [29] .
First organosilicon dendritic and branched oligothiophene-based "molecular antennas" in spite of having efficient intramolecular energy transfer (87-97%) from the outer bithiophene to the internal tert-or quaterothiophene units had rather low luminescence quantum yield of 9-13% that was limited by the internal properties of the acceptor luminophores used [30, 31] . Solution of this problem has been demonstrated recently by the utilization of oligothiophenephenylene or oligophenylene chromophores having higher luminescence efficiency as compared to oligothiophenes [32, 33] . These novel highly luminescent branched molecules were named as "nanostructured organosilicon luminophores" (NOLs) due to the interesting observation that their optical properties combine the best characteristics of organic luminophores and inorganic quantum dots [32] . In this work, we study the structure-property relationships for two generations of such dendritic molecules, NOL4 and NOL5 (Scheme 1), having 4 or 12 donor 2,2'-bithiophene units, respectively, and the acceptor 1,4-bis(2,2 ′ -bithiophene-5-yl)benzene unit, and demonstrate the possibility to utilize these molecules as efficient wavelength shifters in OLEDs. Their optical properties are compared to those of the low molecular weight analogues of the donor and acceptor units, namely, 5 ′ -hexyl-2,2 ′ -bithiophene-5-yl(trimethyl)silane (1) and 1,4-bis(5 ′ -decyl-2,2 ′ -bithiophene-5-yl)benzene (2), respectively.
Experimental Section
Synthesis of 1,4-bis(5 (1) and 1,4-bis(5 ′ -decyl-2,2 ′ -bithiophene-5-yl)benzene (2) were prepared as reported before [23, 34] . Polyfuorene PF-BE-1 was obtained from American Dye Source Inc. and used as received. The absorption and luminescence spectra were recorded over a range of 250-650 nm in dilute solutions in THF (UV-grade) with a concentration of 10 −5 -10 −6 M in order to avoid self-absorption. The thin films of NOL4 and NOL5 were cast from THF solutions. The luminescence measurements were performed on an ALS01M multifunctional absorption-luminescence spectrometer [23] . The absorption spectra were recorded on a Shimadzu UV-2501PC spectrophotometer (Japan). For the DSC measurements, the glass transition temperatures were obtained at a heating rate of 10°C in argon atmosphere in a Mettler DSC-822e differential scanning calorimeter. TGA was performed on the "Derivatograth-C" (MOM, Hungary) in air and argon at a heating rate of 5°C/min on samples of about 10 mg by weight. WAXS experiments were conducted at Beamline X6B, National Synchrotron Light Source, Brookhaven National Laboratory, using X-ray energy of 15.8 keV. The diffraction patterns were collected using a CCD detector from Princeton Instruments, having a 120 mm ×120 mm image area (2084 ×2084 pixels). Raw images were corrected for dark count, flat field, and spatial distortion using calibration frames obtained with a 55Fe source, and a brass plate machined with 1 mm holes on a square grid of 2.54 mm pitch. Detector-to-sample distance, typically 240 mm, was calibrated using measurements of Ag behenate powder.
OLEDs were prepared using a standard procedure. Patterned ITO glass electrodes were washed successively in toluene, acetone and isopropanole and then dried in air. PEDOT:PSS (Clevios HTL or Baytron PH) was deposited by spin-coating at 2000 rpm. The PEDOT:PSS layer was annealed at 180 ∘ C for 15 min and then electroluminescent layer was deposited by spin-coating precursor solutions at 900-1300 rpm. The precursol solutions comprised either pure polymer PF-BE-1 purchased from ADS corp. (5 mg/ml in chlorobenzene) or its blends with NOL4 (4.0 mg of PF-BE-1 and 1.4 mg of NOL4 in 1 ml of chlorobenzene) and NOL5 (4.0 mg of PF-BE-1 and 1.6 mg of NOL5 in 1 ml of chlorobenzene). The electroluminescent layers were dried in vacuum (ca. 1 mbar) for 1 h and then transferred to a MBraun glove boxed with integrated PVD chamber. Top electrodes consisting of 20 nm of Ca and 100 nm of Al were deposited by resistive thermal evaporation in high vacuum (2×10 −6 mbar). The parameters of OLEDs were evaluated under an inert atmosphere inside the glove box using the Kethley 2400 source-measurement unit and a spectral radiometry system based on Avantes 2048 double-channel fiber spectrometer. 3 Results and discussion
Thermal properties
The thermal behavior of NOL4 and NOL5 was investigated by means of differential scanning calorimetry (DSC). It was found that NOL4 has quite complicated phase behavior: its' first and second heating DSC scans demonstrated both exothermic and endothermic peaks before the complete melting at 142 ∘ C (Fig. 1a ). These were ascribed to a crystallization followed by melting of these complex molecules, respectively. To confirm this hypothesis, the sample of NOL4 was preliminary annealed at 100°C during 30 min, cooled to ambient temperature (23°C) and heated again. In this case, the DSC heating curve of NOL4 showed a single exothermic peak corresponding to a melting temperature Tm = 142°C with a corresponding melting enthalpy ∆H = 44 J g −1 . At the subsequent cooling, the crystallization is absent and only a glass transition at −3°C can be detected. This observation indicates that the crystallization of NOL4 is hindered due to the bulky bithiophenesilane fragments, which does not happen at the cooling rate of 10°C/min. This assumption is confirmed also by the presence at the second heating DSC curve of a weak exothermic peak above the glass transition at 9°C, which was attributed to the formation of a partially ordered thermotropic phase by more mobile molecules. Further transition of NOL4 molecules to a stable crystal modification is seen as the endothermic transitions at 80-105°C that is typical for recrystallization processes. Nevertheless, the final crystal phase shows values of Tm and ∆H similar to those obtained at first heating scan. The DSC curve of NOL5 (Fig. 1b) at first heating shows only one exothermic peak at 117°C corresponding to a melting transition with ∆H = 31 J g −1 . The subsequent cooling and second heating of NOL5 shows just the little heat capacitance jumps, which can be attributed to a glass transition in the region of 1 -3°C. Thus, the crystallization of NOL5 from the melt is even more hindered as compared to NOL4 due to the presence of more branched bithiophenesilane wedges. Thermogravimetrical analysis (TGA) under argon and in the air (Fig. 2 ) demonstrated good thermal stability of both NOL4 and NOL5 to thermal-oxidative destruction up to 332°C and up to 430°C (for 5 wt% weight loss) to the thermal decomposition. The residual weights vary from 33 to 38% at the heating up to 650°C under argon.
Crystal structure
The wide-angle X-ray scattering measurements (WAXS) performed on a fiber of NOL4 extruded from the melt show a series of narrow reflexes corresponding to a crystalline phase (Fig. 3) . The analysis of the peak positions and extinction rules (l=2n for 00l and h=2n for hk0 reflections) reveals pseudo-tetragonal symmetry of the unit cell (space group P21/A) with the following parameters: a = b = 32.51Å; c = 6.68Å (Table 1 ). The small value of the cparameter indicates that the molecules are almost parallel to the ab-plane.
It should be noted that the more branched NOL5 did not show any reflexes in WAXS, presumably because 
Optical properties in dilute solutions
Optical properties of NOL4 and NOL5 as well as the model compounds 1 [23] and 2 [34] were investigated by UV-Vis spectroscopy in their dilute THF solutions. The results are summarized in Table 2 .
The absorption and luminescence spectra of the dilute solutions of NOL4 and NOL5, as well as the model compounds 1 and 2 in THF are presented in Fig. 4 . Earlier investigation of the optical properties of the organosilicon dendritic molecular antennas have shown that photons in these systems are absorbed by the donor and acceptor chromophores independently of each other and there is no π-conjugation between the chromophores linked through silicon atoms in the molecules [29, 30, 32] . Therefore, it is not surprising that comparison of the absorption spectra of NOL4 and NOL5 with the corresponding model compounds 1 and 2 indicated that the absorption spectra of these dendritic molecules is a sum of the absorption spectra of the bithiophenesilane (2T) and 1,4-bis(2,2'-bithiophene-5-yl)benzene (2T-Ph-2T) fragments (Fig. 4a) . Comparing the optical spectra of NOL4 and NOL5, which are dendritic molecules of the first and the second generations, one can see that the main difference is the intensity of the absorption in the bithiophene-region that is about three times higher for NOL5 (Fig. 4a and Fig. 4b ). It can be simply explained by the three-fold increase of the number of the bithiophene fragments in NOL5 molecule as compared to NOL4.
Comparison of the luminescence spectra of NOL4 and NOL5 (Fig. 4a and Fig. 4b) to the spectrum of model compounds 1 and 2 ( Fig. 4c and Fig. 4d ) under excitation in the region of the presumable donor absorbance (334 nm), as well as in the region of the acceptor only absorbance (404 nm), shows the emission of 2T-Ph-2T fragments only. It should be noted that the insignificant bathochromic shift of the absorption and luminescence of 2T and 2T-Ph-2T bands in NOL4 and NOL5 molecules as compared to the model compounds is due to an inductive effect of the trimethylsilyl substituent [23, 24, 29] .
The complete absence of the bithiophenesilane emission at the region of 380-400 in the luminescence spectra of NOL4 and NOL5 indicates the very effective energy transfer from the peripheral 2T to the internal 2T-Ph-2T units. The calculations of the energy transfer efficiency (Q ETE ) from 2T to 2T-Ph-2T fragments carried out on the basis of the measured absorption and luminescence spectra [24, 29] of compounds NOL4 and NOL5 yielded the values of Q ETE 100% for NOL4 and 91% for NOL5. The lower value of Q ETE for NOL5 can be explained by the increased distance between the donor and acceptor groups within NOL5 molecule, which in the case of Förster energy transfer should lead to the decrease of Q ETE [1, 35] . In the case of excitation at 404 nm (2T-Ph-2T), the fluorescence quantum yield (Q F ) for NOL5 amounts to 55%, whereas under excitation at 334 nm (2T) its value drops to 50% because of not complete energy transfer from 2T to 2T-Ph-2T units. The fluorescence quantum yield Q F of NOL4 almost does not depend on the excitation wavelength and was found to be close to 55 % similar to that of the model chromophore 2 ( Table 2 ).
Optical properties in thin films and OLEDs
The high fluorescence quantum yields and good thermal stability revealed for NOL4 and NOL5 make them promising materials for use in organic light emitting diodes. OLEDs comprising single electroluminescent layers composed of NOL4 or NOL5 sandwiched between the ITO/PEDOT:PSS and metal electrodes (Fig. 5a ) did not show any decent performances. The maximal brightness for both devices was near the detection limit: 0.1-1.0 cd/m 2 , while the efficiency was about 10 −2 cd/A. Such poor performance of NOL4 and NOL5 in OLEDs might be related either to the strongly hindered charge injection from the electrodes to the EL layer or to the bad charge transport properties of NOL4 and NOL5.
To overcome this problem we applied composites of NOL4 and NOL5 with commercially available conjugated polymer PF-BE-1 (Fig. 5b) to form electroluminescent layers in OLEDs having the same architecture as shown in Fig. 5a .
Conjugated polymer PF-BE-1 is a typical polyfluorenebased blue emitter, which gives reasonably efficient OLEDs. If the OLED devices comprising PF-BE-1 are fabricated under appropriate conditions, they provide maximal brightness of~500 cd/m 2 and efficiency of~1 cd/A. The OLEDs comprising 4:1 w/w composites PF-BE-1+ NOL4 or PF-BE-1+ NOL5 yielded somewhat higher maximal brightness of 1200-1500 cd/m 2 , efficiencies of 1.0-1.5 cd/A and turn on voltages of 5-6 V. It is notable that OLEDs based on PF-BE-1+ NOL4 (4:1 w/w) and PF-BE-1+ NOL5 (4:1 w/w) composites showed green emission (Fig. 6 ) as compared to the blue electroluminescence of PF-BE-1. Detailed analysis revealed that the electroluminescence spectra of these devices (Fig. 6 ) are similar to the luminescence of pristine NOL4 and NOL5 in their THF solutions. The insignificant shift by 9-11 nm to the longer wavelengths as compared to the corresponding PL spectra of pristine NOL4 and NOL5 in solutions could be attributed to the increased intermolecular interactions of molecules in solid state. However, these spectra differ significantly from the luminescence of NOL4 and NOL5 in thin films (Fig. 6) , where a huge bathochromic red shift is observed. These facts could be explained by the strong aggregation of NOL4 and NOL5 molecules in the bulk and it is more pronounced for the crystalline NOL4 as compared to NOL5. Thus, these observations indicate that the electroactive layers of OLEDs are "solid molecular solutions" of the molecules NOL4 and NOL5 in the PF-BE-1 polymer, like is was observed for the molecular composites of NOL4 and NOL5 in polystyrene used as highly efficient plastic scintillators. Moreover, there is an efficient radiative energy transfer between the PF-BE-1 and dendritic molecules. The almost complete quenching of the PF-BE-1 emission by NOL4 revealed the highly efficient energy transfer for the PF-BE-1/ NOL4 system. While the electroluminescence spectrum of the OLED based on PFBE-1/NOL5 blend (Fig. 6b) represented a superposition of the spectral contributions from NOL5 and the polymer matrix (a sharp band at~438 nm is a characteristic feature appearing in the electroluminescence spectra of the aggregated polyfluorenes). The difference in energy transfer efficiency for NOL4 and NOL5/PF-BE-1 systems can be explained by the fact that the emission of PF-BE-1 mainly quenched by 2T-Ph-2T units and the concentration of these fragments is higher in NOL4/PF-BE-1 composite. In addition, bulkier 2T arms of NOL5 hinder the radiative energy transfer between its central 2T-Ph-2T fragment and the polyfluorene.
The results obtained indicate that the nanostructured organosilicon luminophores NOL4 and NOL5 can be used as fluorescent dopants for fine-tuning the emission color of organic light emitting diodes. Somewhat better efficiency of the NOL-doped polyfluorene OLEDs as compared to the pure polyfluorene OLEDs can be attributed to the impact of bithiophene groups on the charge injection, like it was observed in bithiophene-based interfacial layer used for high-efficiency bulk-heterojunction organic photovoltaic cells [36] .
Conclusion
The influence of the generation number on the thermal, optical and structural properties in two organosilicon dendritic molecules NOL4 and NOL5 was investigated. These molecules demonstrate a "molecular antenna effect" with high values of both the energy transfer efficiency and quantum yields of luminescence. The comparison of their properties revealed that NOL5 has higher molecular extinction coefficients and more intensive absorption in 270-370 nm region as well as fewer values of melting temperature and melting enthalpy. However, the increased distance between the peripheral 2,2'-bithiophene and central 1,4-bis(2,2'-bithiophene-5-yl)benzene luminophores in NOL5 leads to the decrease of energy transfer efficiency from 100 % to 91% as compared to NOL4. Addition of these materials as dopants to a polyfluorene host in organic light-emitting devices leads to the long-wave shifting of the device emission due to the efficient radiative energy transfer from the host to the dendritic molecules. Moreover, the OLEDs containing these dopants demonstrated higher maximal brightness as compared to the devices based on polyfluorene or pristine NOL4 or NOL5.
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